Large Carbonate Associated Sulfate isotopic variability between brachiopods, micrite, and other sedimentary components in Late Ordovician strata by Present, Theodore et al.
Large Carbonate Associated Sulfate isotopic variability between brachiopods, 
micrite, and other sedimentary components in Late Ordovician strata 
 
Theodore M. Present (corresponding author, ted@caltech.edu) 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 
Guillaume Paris (gparis@caltech.edu) 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 
Andrea Burke1 (ab276@st-andrews.ac.uk) 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 
Woodward W. Fischer (wfischer@caltech.edu) 
California Institute of Technology, MC 100-23, Pasadena, CA 91125, USA 
Jess F. Adkins (jess@gps.caltech.edu) 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 
 
Highlights 
x Isolated small amounts of different components from Late Ordovician limestones 
x Measured texture-specific Carbonate Associated Sulfate (CAS) sulfur isotope ratio 
x A range of 25‰ in CAS between components can explain bulk-rock CAS variation 
x CAS from well-preserved brachiopod calcite preserves Ordovician seawater sulfate 
x Variability of micrite and cement components reflects diagenetic processes 
                                                          




Large Carbonate Associated Sulfate isotopic variability between brachiopods, 1 
micrite, and other sedimentary components in Late Ordovician strata 2 
 3 
Theodore M. Present (corresponding author, ted@caltech.edu) 4 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 5 
Guillaume Paris (gparis@caltech.edu) 6 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 7 
Andrea Burke1 (ab276@st-andrews.ac.uk) 8 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 9 
Woodward W. Fischer (wfischer@caltech.edu) 10 
California Institute of Technology, MC 100-23, Pasadena, CA 91125, USA 11 
Jess F. Adkins (jess@gps.caltech.edu) 12 
California Institute of Technology, MC 131-24, Pasadena, CA 91125, USA 13 
 14 
Highlights 15 
x Isolated small amounts of different components from Late Ordovician limestones 16 
x Measured texture-specific Carbonate Associated Sulfate (CAS) sulfur isotope ratio 17 
x A range of 25‰ in CAS between components can explain bulk-rock CAS variation 18 
x CAS from well-preserved brachiopod calcite preserves Ordovician seawater sulfate 19 
x Variability of micrite and cement components reflects diagenetic processes 20 
 21 
Abstract 22 
 Carbonate Associated Sulfate (CAS) is trace sulfate incorporated into carbonate minerals 23 
during their precipitation.  Its sulfur isotopic composition is often assumed to track that of 24 
seawater sulfate and inform global carbon and oxygen budgets through Earth’s history.  25 
However, many CAS sulfur isotope records based on bulk-rock samples are noisy.  To determine 26 
the source of bulk-rock CAS variability, we extracted CAS from different internal sedimentary 27 
components micro-drilled from well-preserved Late Ordovician and early Silurian-age 28 
limestones from Anticosti Island, Quebec, Canada.  Mixtures of these components, whose sulfur 29 
isotopic compositions vary by nearly 25‰, can explain the bulk-rock CAS range.  Large isotopic 30 
variability of sedimentary micrite CAS (34S-depleted from seawater by up to 15‰) is consistent 31 
with pore fluid sulfide oxidation during early diagenesis.  Specimens recrystallized during burial 32 
diagenesis have CAS 34S-enriched by up to 9‰ from Hirnantian seawater, consistent with 33 
microbial sulfate reduction in a confined aquifer.  In contrast to the other variable components, 34 
brachiopods with well-preserved secondary-layer fibrous calcite—a phase independently known 35 
to be the best-preserved sedimentary component in these strata—have a more homogenous 36 
isotopic composition.  These specimens indicate that seawater sulfate remained close to about 37 
25‰ (V-CDT) through Hirnantian (end-Ordovician) events, including glaciation, mass 38 
extinction, carbon isotope excursion, and pyrite-sulfur isotope excursion.  The textural 39 
relationships between our samples and their CAS isotope ratios highlight the role of diagenetic 40 
biogeochemical processes in setting the isotopic composition of CAS. 41 
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1. Introduction 50 
The sulfur isotopic composition of Carbonate Associated Sulfate (CAS) is routinely 51 
measured as a proxy for the composition of ancient seawater sulfate and informs Earth’s surface 52 
redox balance (Burdett et al. 1989; Kampschulte and Strauss 2004).  CAS is trace sulfate 53 
commonly found in carbonate rocks of all ages (e.g. Burdett et al. 1989; Kah et al. 2004; 54 
Kampschulte and Strauss 2004; Paris et al. 2014a), and generally thought to be incorporated 55 
from ambient seawater during precipitation of carbonate phases (Burdett et al. 1989).  Because 56 
carbonate strata are nearly ubiquitous in the geologic record, and carry abundant geological and 57 
geochemical context, CAS has the potential to provide a robust and high-resolution archive of 58 
changes in the sulfur cycle (Kampschulte and Strauss 2004). 59 
Much effort has gone into constructing time-series records of marine sulfate’s isotopic 60 
composition.  Sulfur isotopic compositions are reported in the common δ34S notation as part-per-61 
thousand (‰) deviations of 34S/32S relative to the Vienna Canyon Diablo Troilite (V-CDT) 62 
reference standard.  Modern oceans constitute a large sulfur reservoir thought to be at steady-63 
state between weathering and volcanic influxes and reduced and oxidized outputs (Bottrell and 64 
Newton 2006; Garrels and Lerman 1984).  Sulfate reduction to sulfide is directly linked to the 65 
carbon cycle by microbial metabolisms, and a fraction of this sulfide flux is preserved as pyrite.  66 
There can be large kinetic sulfur isotope fractionations associated with microbial sulfate 67 
reduction (MSR), so the relative size of the pyrite sink can affect the isotopic composition of 68 
seawater (Garrels and Lerman 1984).  Today, this conceptual model leads to an estimated 20 69 
Myr residence time of sulfate in the ocean (Bottrell and Newton 2006), so longer-term changes 70 
in seawater δ34S reflect the distribution of oxidized and reduced chemical species on Earth’s 71 
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surface.  However, there is a high degree of stratigraphic variability in many CAS δ34S records, 72 
especially those obtained from bulk-rock samples from early Paleozoic strata (Figure 1). 73 
 74 
Figure 1: Compilation of previously reported CAS δ34S values from early Paleozoic successions, 75 
plotted by sample collection location.  Open symbols represent CAS extracted from bulk-rock 76 
(commonly micritic) samples, and closed symbols represent CAS extracted from biogenic 77 
calcite.  See the text for discussion regarding the Steptoean Stage (a), the latest Cambrian and 78 
Ordovician periods (b), and the Ordovician-Silurian (O/S) boundary interval (c).  E = Ediacaran, 79 
H = Hirnantian. LMC = low-magnesium calcite.  Data references: 1Jones and Fike (2013), 80 
2Thompson and Kah (2012), 3Hurtgen et al. (2009), 4Wotte et al. (2012b), 5Gill et al. (2007), 81 
6Gill et al. (2011b), 7Loyd et al. (2012b), 8Goldberg et al. (2005), 9Kampschulte and Strauss 82 
(2004), 10Wu et al. (2014). 83 
Large stratigraphic CAS variability around longer-term trends may be primary, or be a 84 
result of secondary processes (Kampschulte and Strauss 2004).  Primary CAS variability would 85 
reflect temporal changes in seawater sulfate, or spatial patterns between depositional settings or 86 
basins.  Secondary processes involve incorporation of sulfate from post-depositional sources.  87 
These could include burial or dolomitizing fluids, diagenetically-modified pore fluids, or 88 
oxidation of other sulfur-bearing phases in the rock (Gill et al. 2008; Lyons et al. 2004; Marenco 89 
et al. 2008b; Rennie and Turchyn 2014).  While secondary processes may mask the interpretation 90 
of sulfur isotopes in a global mass balance framework, they do contain additional information 91 
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about the paleoenvironment and basin history.  Finally, sample preparation itself might oxidize 92 
sulfur-bearing phases in the rock and result in measurement of a mixture of CAS and newly 93 
generated sulfate (Marenco et al. 2008a; Mazumdar et al. 2008; Wotte et al. 2012a). 94 
Previous workers have tried different methods to reduce the contribution of secondary 95 
processes.  These methods include mathematically smoothing variability (e.g. Kampschulte and 96 
Strauss 2004; Song et al. 2014), selecting the most robust or best-preserved samples (e.g. fossils 97 
in Gill et al. 2011a; Kampschulte et al. 2001; Kampschulte and Strauss 2004; Newton et al. 98 
2011) (filled triangles in Figure 1), chemically isolating CAS during extraction from other sulfur-99 
bearing phases (Wotte et al. 2012a), and applying independent geochemical indicators of 100 
preservation (Gill et al. 2011a; Goldberg et al. 2005). 101 
Other studies have hypothesized that high CAS variability mainly reflects the primary 102 
distribution of marine sulfate, especially in Precambrian and early Paleozoic strata (Gill et al. 103 
2011b; Kah et al. 2004; Loyd et al. 2012b; Thompson and Kah 2012; Wotte et al. 2012b).  The 104 
implication is that a small marine sulfate reservoir is necessary to explain observations of rapidly 105 
changing (< 1 Myr) or spatially heterogeneous isotopic composition.  For example, CAS datasets 106 
from the late Cambrian Period include a large positive δ34S excursion that coincides with the 107 
Steptoean Positive Isotopes of Carbon Excursion (SPICE) event, but the magnitude of the 108 
excursion varies strongly between localities (interval “a” in Figure 1) (Gill et al. 2007; Gill et al. 109 
2011b; Hurtgen et al. 2009).  Similarly, latest Cambrian through Ordovician CAS records from 110 
Argentinian strata show a large range of more than 10‰ over both short and long intervals, and 111 
display different trends from North American CAS records of the same age (interval “b” in 112 
Figure 1) (Gill et al. 2007; Thompson and Kah 2012). 113 
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To a certain extent, the ability to choose ideal samples for sulfur isotope analysis has 114 
been limited by the amount of sulfate required by traditional gas-source mass spectrometric 115 
methods.  Typically, millimoles of sulfate, corresponding to tens of grams of Phanerozoic 116 
carbonates, are precipitated as barite and combusted (as summarized by Wotte et al. 2012a).  117 
Because many geologic successions do not offer texturally homogenous samples, traditional 118 
CAS analysis of such samples may thus integrate many different phases (primary grains, micrite, 119 
and cements of different age).  A recent multi-collector inductively coupled plasma-source mass 120 
spectrometric (MC-ICP-MS) method for sulfur isotopic analysis of aqueous sulfate (Paris et al. 121 
2013) facilitates the analysis of nanomole-level sulfur samples from <10 mg of typical 122 
Phanerozoic carbonates. 123 
Interval “c” (Ordovician-Silurian boundary interval) in Figure 1 shows a CAS record 124 
from texturally heterogeneous limestones collected on Anticosti Island, Canada (Jones and Fike 125 
2013).  This record has variability that is nearly half of the magnitude of secular changes over the 126 
entire Phanerozoic interval (Kampschulte and Strauss 2004; Wu et al. 2014) but is interpreted to 127 
reflect a constant seawater δ34S composition during Late Ordovician time (Jones and Fike 2013).  128 
Near the end of Late Ordovician time there was a major climate change into a glaciated world, 129 
which coincides with the Late Ordovician Mass Extinction (LOME)—the second-largest 130 
Phanerozoic biotic crisis in terms of raw taxonomic losses (Finnegan et al. 2011; Finnegan et al. 131 
2012).  Globally correlated positive carbon isotope excursions and pyrite-sulfur isotope 132 
excursions coincide with peak glaciation and extinction (Gorjan et al. 2012; Hammarlund et al. 133 
2012; Saltzman and Young 2005; Yan et al. 2009; Zhang et al. 2009) during the end-Ordovician 134 
Hirnantian Age (Gorjan et al. 2012; Hammarlund et al. 2012; Saltzman and Young 2005; Yan et 135 
al. 2009; Zhang et al. 2009). 136 
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To understand the respective influences of primary and secondary processes in Anticosti 137 
Island carbonates, we measured the CAS sulfur isotopes associated with the different 138 
petrographic textures and sedimentary components in limestones from the same Anticosti Island 139 
stratigraphic sections as Jones and Fike (2013).  By exploring and understanding the variability 140 
of CAS in such samples, we can point to a phase best recording primary variability.  Therefore, 141 
we can construct a more precise and accurate record of seawater sulfate, and begin to exploit the 142 
information content of CAS measurements that relate to early diagenetic or burial processes. 143 
 144 
2. Geologic setting and samples 145 
 Anticosti Island consists of nearly flat-lying exposures of Late Ordovician through lower 146 
Silurian strata deposited on a Laurentian tropical carbonate ramp in the Taconic foreland 147 
(Desrochers et al. 2010; Jones et al. 2011).  During Late Ordovician time, growth of large ice 148 
sheets on the southern hemisphere continent of Gondwana drove a marine regression 149 
(Desrochers et al. 2010; Finnegan et al. 2011).  This began in the Katian Age (453.0-445.2 Ma), 150 
and peaked near the end of the Hirnantian Age (445.2-443.8 Ma), wherein clumped isotope 151 
paleothermometry and extinction patterns suggest sharp marine cooling at tropical latitudes 152 
(Finnegan et al. 2011; Finnegan et al. 2012).  During this period, mixed carbonate-siliciclastic 153 
facies representing near-shore environments were deposited on the eastern sector of the island, 154 
and carbonate-dominated facies representing more offshore environments were deposited further 155 
west (Copper et al. 2013; Desrochers et al. 2010; Jones et al. 2011).  These strata are in the 156 
Vauréal, Ellis Bay, and Becsie formations (Figure 2) that, due to subsidence associated with 157 
Taconic Orogeny flexure, contain no major unconformities (Desrochers et al. 2010).  On the 158 
basis of biostratigraphy and chemostratigraphy, the Ordovician-Silurian boundary is thought to 159 
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lie near the top of the Ellis Bay Formation, which mainly consists of bioturbated and nodular 160 
thinly bedded limestones and calcareous shales; higher-order cycles in the eastern sector grade 161 
up to sandstones (Copper et al. 2013; Desrochers et al. 2010).  The uppermost member of the 162 
Ellis Bay Formation, the Laframboise Member, consists of oncolitic grainstones overlain in the 163 
more distal western sector by calcimicrobial-coral bioherms and hummocky cross-stratified 164 
amalgamated sands and grainstones (Copper et al. 2013; Desrochers et al. 2010).  165 
 166 
Figure 2: Stratigraphic logs and map of Ordovician and Silurian-age strata on Anticosti Island 167 
modified from Jones et al. (2011) after Desrochers and Gauthier (2009).  Stars mark locations of 168 
stratigraphic sections on the western sector in this study.  (A) Composite stratigraphic column of 169 
measured sections from Point Laframboise.  Gs = Grindstone Member, Lfb = Laframboise 170 
Member, m = mudstone, w = wackestone, p = packstone, g = grainstone. (B) Stratigraphic 171 
column from English Head.  There is approximately 150 m of strata from the top of the English 172 
Head section to the bottom of the Point Laframboise section (Jones et al. 2011).  Fm. = 173 
formation.  (C) Map of geologic formations exposed on Anticosti Island, which is in northeastern 174 
Quebec, Canada (inset). 175 
 176 
Limestones on Anticosti Island are exceptionally well-preserved: dolomitization is rare, 177 
primary sedimentary textures are retained, and the rocks experienced little burial alteration (Al-178 
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Aasm and Veizer 1982; Jones et al. 2011; Rohrssen et al. 2013).  Trace element and clumped 179 
isotope proxies for diagenetic alteration of carbonates indicate that sections on the western side 180 
of the island are better preserved than on coeval sections in the east; this sector has the lowest 181 
clumped isotope equilibration temperatures, and the least evidence for significant burial or 182 
meteoric diagenesis overprint (Finnegan et al. 2011).  Low-magnesium calcite (LMC) 183 
brachiopods—especially the secondary-fibrous layer of their shells—are exceptionally well-184 
preserved (Al-Aasm and Veizer 1982; Came et al. 2007; Finnegan et al. 2011). 185 
 Limestone samples used in this study come from stratigraphic sections outlined in 186 
Finnegan et al. (2011).  From this collection, we sampled seven stratigraphic horizons in the 187 
Vauréal, Ellis Bay, and Becsie Formations from the well-preserved western sector of Anticosti 188 
Island between English Head and Point Laframboise (stars on Figure 2).  We intentionally 189 
selected heterogeneous limestone hand-samples (classified in Supplemental Data Table 1) in 190 
order to examine CAS variability on a small spatial scale that may be integrated by traditional 191 
CAS extraction techniques.  We targeted specific sedimentary components from the bulk-rock 192 
samples, including micrite, brachiopods, bryozoans, rugose corals, tabulate corals, trilobites, 193 
crinoids, and cements (Figure 3 and Supplementary Figure 1).  Specifically, micritic samples 194 
came from calcimudstones or wackestones; these lithologies include variable amounts of skeletal 195 
fragment allochems, disseminated anhedral pyrite, minor framboidal pyrite, and minor quartz 196 
(Figure 4A,C,D).  Micrite samples from sample 901-HCS are dolomitic wackestones, and are 197 
some of the only dolomitized rocks on Anticosti Island (Jones et al. 2011).  Brachiopod shells 198 
retain much of their primary textures (Finnegan et al. 2011), although some regions are 199 
recrystallized (Figure 4B) or have minor pyrite ingrowth (Figure 4D).  Because many of our 200 
analyses targeted fossil brachiopods, to explore potential vital effects (Burdett et al. 1989; 201 
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Kampschulte et al. 2001; Paris et al. 2014b) we also analyzed the CAS isotopic composition of a 202 
modern punctate brachiopod valve (Terebratalia transversa Sowerby) collected at the San Pedro 203 
jetty, Los Angeles County, California and obtained from the Tremper-Long Beach State 204 
Collection. 205 
 206 
Figure 3: Sample 904-4.5m with the location of analyzed CAS specimens drilled, cut, or picked 207 
from a skeletal packstone horizon.  Analyzed specimens from the other six hand-samples are 208 





Figure 4: Plane polarized reflected light images of polished thick sections.  Width of field of 212 
view is about 2.4 mm.  (A) Sample 904-2.5 m, calcimudstone with minor quartz silt (purple-213 
gray), disseminated pyrite (bright yellow/white) and a skeletal fragment.  (B) Fibrous calcite 214 
from the secondary layer of specimen Brachiopod 1 from Sample 904-2.5 m.  The beige and gray 215 
banding is bireflectance of ~50 μm-long calcite fibers, indicative of well-preserved biogenic low-216 
magnesium calcite.  Note that some regions can still be recrystallized.  (C) A particularly 217 
allochem-rich horizon in Sample 904-4 m with minor quartz silt and disseminated pyrite.  Some 218 
skeletal grains are partially pyritized.  (D) The cardinal process (the junction of the two valves) 219 
of specimen Brachiopod 3 from Sample 904-4 m with well-preserved fibrous calcite.  220 
Disseminated pyrite, possibly framboidal, is localized between the brachiopod valves. 221 
 222 
3. Methods 223 
Hand-samples were ultrasonicated in tap water followed by deionized water for 4 hours 224 
each, and dried in a ~75°C oven.  We prepared bulk-rock powders by homogenizing ~1 cm3 of 225 
limestone with a mortar and pestle.  Micrite, rugose coral, and tabulate coral specimens were 226 
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milled with a 1 mm drill bit.  Using a dental pick beneath a dissecting microscope, we picked 5-227 
10 mg specimens of all other sedimentary components.  Flakes of these components (but not the 228 
milled components) were inspected under higher magnification to avoid matrix material, pyrite, 229 
or oxide inclusions (Cummins et al. 2014).  Brachiopod specimens were inspected to include 230 
only optically transparent secondary-layer fibrous calcite (with the exception of one 231 
recrystallized small specimen in sample 901-HCS, which we analyzed nonetheless).  For some 232 
brachiopod specimens, scanning electron microscope images were obtained at the Caltech 233 
Geological and Planetary Sciences Division Analytical Facility (ZEISS 1550VP Field Emission 234 
SEM using a 15kV accelerating voltage and 8 mm working distance) to examine the extent of 235 
recrystallization and ensure there were no microscopic sulfide or oxide inclusions (Figure 5 and 236 
Supplementary Figure 2).  Such inclusions were never observed in any specimen under the 237 
dissecting microscope or in the electron micrographs. 238 
 239 
Figure 5: Binocular microscope (left) and electron microscope backscatter intensity (right) 240 
images of two representative flakes picked from Brachiopod 1 from Sample 904-2.5m.  Metal 241 
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oxides or sulfides would show up as extremely bright spots in the electron microscope images.  242 
(A) A well preserved flake.  The lineations are fibers of well-preserved secondary layer calcite; 243 
the best-preserved secondary layer fibrous calcite is optically clear.  (B) A poorly-preserved 244 
flake excluded from analysis.  When diagenetically altered, the fibrous calcite recrystallizes to 245 
fine equant grains and often turns yellow-brown.  More examples of representative flakes that 246 
were included in specimens for CAS analyses are shown in Supplemental Figure 2. 247 
 248 
To accurately measure trace sulfate in such small specimens (less than 255 nmol, 249 
typically 30-50 nmol sulfate), we minimized and tracked procedural blanks (i.e., contamination 250 
by sulfate from the laboratory, on the order of 0.3 nmol).  After picking, specimens were handled 251 
in laminar flow benches in acid-cleaned vials and introduced only to 18.2 MΩ-cm water 252 
(Millipore Milli-Q) or trace-metal pure reagents (Seastar Baseline). 253 
Specimens were pre-cleaned prior to dissolution by ultrasonicating for >4 hr in 1 mL 254 
10% (w/w) NaCl solution and rinsing three times in 1 mL water, centrifuging and removing the 255 
supernatant between each rinse.  In a clean vial, specimens were dissolved in 500 μL 0.5 N HCl 256 
for 4-12 hours while agitated on a shaker table, and then centrifuged.  The supernatant was 257 
aliquoted for sulfate concentration analysis and sulfur isotopic composition analysis.  Sulfate 258 
concentrations are reported in parts-per-million (ppm) by mass and exclude the weight of 259 
insoluble residue.  This is equivalent to micrograms of sulfate per gram of acid-soluble rock, 260 
which we assume is calcite. 261 
To ensure that our pre-cleaning or dissolution protocol does not influence the sulfur-262 
bearing phases extracted from the specimen, we tested different protocols on multiple powder 263 
aliquots from bulk-rock samples.  For some aliquots, we neglected the NaCl leach steps.  For 264 
others, we added an oxidative leach step after the NaCl rinse step.  Oxidative leaching involved 265 
ultrasonicating in 1 mL of a 1:1 solution of 2 M NaOH and 30% H2O2 for 10 min and then in 266 
methanol for 10 min, and centrifuging and removing supernatant between steps.  This was done 267 
three times before completing pre-cleaning with three water rinses as with other powders.  To 268 
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extract total sulfur as sulfate, some of these powder aliquots were dissolved for 4 hours in aqua 269 
regia (3:1 concentrated HCl and HNO3). 270 
A specific concern is potential oxidation, by oxygen or ferrous iron, of reduced sulfur 271 
during dissolution.  We tested our CAS extraction protocol on 10 mg mixtures of powdered 272 
deep-sea coral (Desmophyllum dianthus SS0108-STA011 collected in January 2008 off 273 
Tasmania) and pyrite “CIT-12021” (Huanazala Mine, Caltech Mineralogy Collection).  The 274 
coral samples came from two halves of one skeleton initially covered with an iron-manganese-275 
oxide crust.  The first half was ground with a mortar and pestle and sieved to 63-250 μm, with 276 
the crust, to mimic the presence of iron oxides in ancient limestones.  The crust was abraded 277 
from the second half, which was then ground, treated for 11 hours in a 1:1 mixture of 2 M NaOH 278 
and 30% H2O2, rinsed four times with water, dried, and sieved.  The δ34S composition of the 279 
pyrite is 1.08±0.35‰ (1 s.e., n=8), determined by combustion in a Costech elemental analyzer 280 
with a Thermo Delta-S isotope ratio mass spectrometer (IRMS).  The coral and coral/pyrite 281 
mixtures were then pre-cleaned following the NaCl and water rinse protocol and dissolved for 4 282 
hours in 0.5N HCl.  Another chunk from the abraded coral half was rinsed four times in water, 283 
dried, sieved, and dissolved in 10% HClO4 without any pyrite. 284 
To investigate vital effects in the modern brachiopod, we cut the sample into four 285 
subsamples with a razor.  The specimens were pre-cleaned with the NaCl and water rinse 286 
protocol.  We released CAS with 0.5N HCl from two specimens, and released total sulfur with 287 
aqua regia from the others.  We expect the aqua regia digestion to release organically 288 
coordinated sulfur and inform any difference between CAS and organic sulfur. 289 
We are able to analyze such small amounts of sample powder (5-10 mg of limestone) 290 
with a new analytical technique that requires ~5 nmol of sulfate (Paris et al. 2013), which is 291 
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about three orders of magnitude less sample than traditional IRMS techniques.  We determined 292 
sulfate concentrations by ion chromatography (Dionex ICS-2000, using an AS-19 column and 20 293 
mM KOH eluent at the Caltech Environmental Analysis Center).  We used anion exchange 294 
chromatography to purify sulfate from the remaining dissolved carbonate (Paris et al. 2014a) to  295 
analyze in duplicate as aqueous sodium sulfate by MC-ICP-MS on a Thermo Scientific Neptune 296 
Plus at Caltech (described previously by Paris et al. 2013).  Specimens were prepared and 297 
analyzed in sets of 12-16, and always along with 2-4 procedural blanks, 2 replicates of an in-298 
house dissolved deep-sea coral consistency standard, and 2 replicates of seawater. 299 
The long-term δ34S reproducibility of ~18 nmol sulfate replicates from the coral 300 
consistency standard is 0.35‰ (1s.d., excluding one >5s.d. outlier) and is 0.13‰ (1 s.d., 301 
excluding one >8 s.d. outlier) for ~280 nmol sulfate replicates of seawater.  The precision of 302 
isotope measurements reported here is a combination of instrument stability, short-term 303 
reproducibility of the same sulfate solution, and variability of the procedural blank composition 304 
and amount.  Procedural blanks were 0.32±0.24 nmol (1 s.d.) sulfate with an isotopic 305 
composition of δ34S=2.6±0.49‰ V-CDT.  Blank correcting specimens typically increased their 306 
isotopic composition by 0.1 to 0.3‰.  Reproducibility of sulfate concentration measurements is 307 
typically 3-5% (1 relative s.d.), based on reproducibility of diluted seawater and dissolved coral 308 
triplicates run alongside specimens in each analytical session. 309 
We determined the carbonate carbon and oxygen isotopic composition of samples that 310 
had remaining flakes or powder after CAS extraction.  Approximately 100-250 μg of the sample 311 
were accurately weighed into 10 mL glass vials, flushed with helium, dissolved for 1 hour at 312 
75°C in ~200 μL concentrated H3PO4, and analyzed with a Thermo Gasbench autosampler and 313 
Thermo Delta V IRMS.  Reproducibility of two in-house carbonate reference standards is better 314 
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than 0.06‰ (1σ s.e.) for δ13C and 0.23‰ (1σ s.e.) for δ18O.  Carbon and oxygen isotopic 315 
compositions are reported relative to the Vienna Pee Dee Belemnite (V-PDB) carbonate 316 
reference. 317 
 318 
4. Results 319 
The modern brachiopod we analyzed has an average CAS concentration of 320 
4214±453ppm (1s.d.), and isotopic composition of 20.57±0.05‰ (1s.d.) (Figure 6, Supplemental 321 
Data Table 1).  There is no isotopic difference between the extracted CAS and the total sulfur 322 
extracted with aqua regia. 323 
 324 
Figure 6: Composition of sulfate extracted by 0.5N HCl and aqua regia from a single valve of 325 
the modern brachiopod T. transversa collected in southern California.  For reference, modern 326 
seawater sulfate is 21.15±0.15‰ (Johnston et al. 2014). 327 
 328 
Results of pre-cleaning protocol tests are presented in Figure 7 and tabulated in 329 
Supplemental Data Table 1.  Aliquots from a bulk-rock powder from sample 901-HCS, with any 330 
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pre-cleaning protocol, vary between 11‰ and 21‰ (Figure 7A).  Generally, sulfate extracted 331 
from aliquots exposed to the oxidative leach is isotopically lighter than specimens exposed to 332 
only the NaCl leach or only the water rinsing, and is less concentrated.  This would be consistent 333 
with pre-cleaning removing a 34S-enriched phase.  However, we had poorly homogenized the 334 
bulk-rock powder by mortar and pestle (Figure 7B), so we repeated the pre-cleaning experiment 335 
with sample 904-4.  In this case, the bulk-rock specimen was carefully homogenized (Figure 336 
7D).  Aliquots of sample 904-4, with any pre-cleaning protocol, showed less isotopic variability 337 
(between 28‰ and 31‰, Figure 7C) than aliquots of sample 901-HCS.  In both samples, the 338 
total variability among bulk-rock aliquots with any pre-cleaning protocol is less than the 339 
variability between sedimentary components treated with the same (NaCl leach and water rinses 340 




Figure 7: Plots of isotopic composition against inverse concentration for cleaning tests performed 343 
on two bulk-rock samples (plusses) and the associated texture-specific specimens (filled 344 
symbols).  Colors of the bulk-rock data correspond to the extraction pre-cleaning and digestion 345 
protocol.  (A) Isotopic composition and concentration of extracted sulfate from hand-sample 346 
901-HCS. (B) Poorly homogenized sample powder from hand-sample 901-HCS.  (C) Isotopic 347 
composition and concentration of extracted sulfate from hand-sample 904-4m.  (D) Well 348 
homogenized sample powder from hand-sample 904-4m lacks the large dark gray chunks visible 349 
in panel B. 350 
 351 
Results of the coral and pyrite dissolution experiments, using the NaCl and water pre-352 
cleaning protocol, are presented in Figure 8 and tabulated in Supplemental Data Table 2.  The 353 
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coral without any iron-manganese oxide crust has a CAS concentration of 4923±456ppm (1 s.d.) 354 
and a δ34S of 22.38±0.56‰ (1 s.d.).  The coral with the iron-manganese oxide crust has a CAS 355 
concentration of 3950±554ppm (1 s.d.) and a δ34S of 22.39±0.11‰ (1 s.d.).  These values are 356 
consistent with the range of deep-sea coral measurements analyzed with other cleaning and 357 
dissolution protocols (gray box in Figure 8, data in Supplemental Data Table 3).  All coral/pyrite 358 
mixtures (i.e. both with and without ferrous iron) except one had indistinguishable sulfate 359 





Figure 8: Apparent CAS compositions from deep-sea coral specimens intentionally mixed with 363 
pyrite, plotted with 1σ standard error bars.  (A) Apparent CAS isotopic composition plotted 364 
against inverse apparent CAS concentration.  The gray field is the total range of CAS 365 
concentrations and isotopic compositions determined from the same coral polyp, but with 366 
different cleaning and dissolution protocols (see Supplemental Data Table 3).  The black vector 367 
represents the expected trend from mixing pure pyrite with the average coral composition.  (B) 368 
Apparent CAS isotopic composition plotted as a function of the amount of pyrite added to the 369 
samples.  The gray field is the total range of coral CAS isotopic compositions as in panel A. 370 
 371 
The CAS δ34S and concentration for all Ordovician-Silurian specimens is extremely 372 
heterogeneous, spanning 9 to 34‰ and 79 to 3331ppm.  Values are plotted in Figure 9, and 373 
tabulated in Supplemental Data Table 1.  Plots of isotopic composition against inverse 374 
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concentration provide a natural space to examine possible mixing relationships between different 375 
textures.  In this plot, binary mixtures would fall on a straight line. 376 
The carbon and oxygen isotope compositions of remaining sample powders or flakes are 377 
tabulated in Supplemental Data Table 1 and plotted against CAS sulfur isotopic composition in 378 
Supplemental Figure 3.  Carbon isotope values vary systematically between 0.29 and 3.56‰ (V-379 
PDB) with stratigraphic height through the Hirnantian carbon isotope excursion, and are not 380 
correlated with sulfur isotope values.  Similarly, oxygen isotope ratios range between -4.29 and -381 
2.22‰ (V-PDB), and overlap with the oxygen isotope data reported by Jones et al. (2011).  382 
 383 
Figure 9: Cross-plot of CAS isotopic composition and inverse concentration with 1σ standard 384 
errors for all Anticosti Island specimens analyzed in this study and pre-cleaned by the NaCl + 385 
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water rinsing method.  The question mark notes the outlying, poorly preserved brachiopod 386 
specimen from sample 901-HCS. 387 
 388 
5. Discussion 389 
 The total sulfur isotopic range of CAS we analyzed from different petrographic textures 390 
in Anticosti Island limestones is 25‰.  This is nearly as large as the observed range in all 391 
Phanerozoic CAS data, which typically varies between about 10‰ and 40‰ (Kampschulte and 392 
Strauss 2004; Wu et al. 2014).  We first assess if artifacts during CAS extraction can explain this 393 
variability, and then discuss the geological implications of this data. 394 
 395 
5.1 Extraction of CAS 396 
Significant effort has gone into optimizing CAS extraction procedures and this is 397 
summarized in detail by Wotte et al. (2012a).  They concluded that oxidative leaching steps tend 398 
to contaminate CAS by partially oxidizing reduced sulfur phases.  Pyrite oxidation would add 399 
sulfate to the CAS liberated during dissolution, and cause an increase in sulfate concentration 400 
and corresponding change in sulfate isotopic composition (Marenco et al. 2008a; Mazumdar et 401 
al. 2008).  Point Laframboise has pyrite with sulfur isotopic compositions between -21 and 6‰ 402 
(Jones and Fike 2013), so if pyrite oxidation occurred, we would expect it to add 34S-depleted 403 
sulfate to the analyte solution. 404 
Micrite and bulk-rock specimens contain disseminated pyrite that could not be physically 405 
segregated from carbonate components.  The results of our pre-cleaning protocol tests (Figure 7) 406 
imply the high variability of bulk-rock extractable sulfate cannot be fully explained by 407 
procedural contamination of CAS with different sulfur-bearing phases.  Pyrite-bearing micrite 408 
and bulk-rock samples treated with an oxidative leaching step should be vulnerable to CAS 409 
contamination (Wotte et al. 2012a), but the isotopic variation of these samples is still smaller 410 
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than that observed between picked carbonate components.  Therefore, the Anticosti Island CAS 411 
variability is best explained by variation in the relative abundance of carbonate components of 412 
the rocks with different CAS compositions. 413 
Further, the results of our pyrite dissolution tests (Figure 8) indicate that negligible 414 
amounts of pyrite oxidation contributed to the sulfur isolated by our pre-cleaning and CAS 415 
extraction protocol.  With the exception of one sample, all of the CAS variability in the 416 
pyrite/coral mixtures can be explained by the primary range of CAS in the coral without any 417 
pyrite (gray field in Figure 8A).  This remains true for the coral samples with iron-manganese 418 
oxide crusts, which liberate abundant ferric iron and high valent manganese as potential pyrite 419 
oxidants during dissolution.  The δ34S of the single outlying point (a coral with its iron-420 
manganese crust and 4.7 wt.% pyrite) is about 1‰ lighter than the average sulfur isotopic 421 
composition of the coral.  However, this point does not fall on the expected vector of increasing 422 
CAS concentration and decreasing isotopic composition for pyrite dissolution (black line in 423 
Figure 8A).  Additionally, samples with higher pyrite content would be expected to experience 424 
more pyrite contamination, but there is no relationship between apparent extracted sulfate 425 
isotopic composition and pyrite content (Figure 8B).  Thus, we conclude that our CAS pre-426 
cleaning and extraction protocol does not contribute measurable amounts of pyrite-derived 427 
sulfate to the primary CAS. 428 
In summary, sample pre-cleaning tests (Figure 7) indicate that the CAS variability in our 429 
Ordovician-Silurian samples cannot be explained by contamination by non-CAS sulfur bearing 430 
phases, and our pyrite dissolution tests (Figure 8) confirm that our extraction protocol leads to 431 
negligible oxidation of pyrite.  Regardless of the pre-cleaning technique employed, a key 432 
strength of this method is the ability to microscopically screen samples for the presence of 433 
24 
 
possible contaminating phases such as pyrite before dissolution (Figure 5 and Supplemental 434 
Figure 2).   435 
 436 
5.2.  Brachiopod fibrous calcite CAS preserves seawater composition 437 
 We confirmed that modern brachiopod CAS is close to the isotopic composition of 438 
modern seawater sulfate (Figure 6), which is 21.15±0.15‰ (Johnston et al. 2014).  The slight 439 
34S-depletion of modern biogenic CAS relative to seawater is comparable to other calcifying 440 
organisms that can vary from seawater by up to 2‰ (Burdett et al. 1989; Kampschulte et al. 441 
2001; Paris et al. 2014b; Paris et al. 2013). 442 
Brachiopod calcite likely preserves primary geochemical signatures over geologic time 443 
scales because it is composed of relatively large and thermodynamically-stable LMC crystals 444 
(Popp 1986).  In addition, recrystallization, when it occurs, is petrographically obvious (Popp 445 
1986).  Carefully screened brachiopods offer demonstrably the best proxy archives for many 446 
geochemical records, such as seawater carbon, oxygen, and strontium isotopic compositions (Al-447 
Aasm and Veizer 1982; Cummins et al. 2014; Finnegan et al. 2011; Grossman et al. 1993).  Popp 448 
(1986) reported the first sulfate-sulfur isotope measurements from 3-5 g of Permo-Carboniferous 449 
brachiopods.  Kampschulte et al. (2001) extended this Carboniferous brachiopod CAS record, 450 
and also compared CAS data from biogenic calcite to that obtained from bulk-rock samples; they 451 
observed only about 2‰ difference between brachiopods and bulk-rock data.  This record of 452 
biogenic calcite was expanded to the Phanerozoic-scale by Kampschulte and Strauss (2004) and 453 
Wu et al. (2014), but its resolution was limited by the availability of large (>1 g), well-preserved 454 
brachiopods or samples comprised of multiple brachiopods. 455 
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 Indeed, brachiopod calcite from Anticosti Island appears to provide a robust archive for 456 
the sulfur isotopic composition of Ordovician-Silurian seawater sulfate.  For this study, we 457 
microscopically isolated flakes of brachiopod fibrous calcite to avoid small sulfide or iron-458 
bearing inclusions (Figure 5 and Supplemental Figure 2) (i.e., phases that might contaminate 459 
CAS).  The brachiopod specimens where we isolated enough calcite to also determine the 460 
carbonate carbon and oxygen isotopic composition were consistent with chemostratigraphic data 461 
published by Jones et al. (2011).  The brachiopod calcite specimens show the least CAS sulfur 462 
isotopic variability of all observed phases (24‰ to 26‰, except for the outlier in sample 901-463 
HCS, Figure 9).  One outlier specimen (marked by a question mark in Figure 9) was the smallest 464 
analyzed (with the least amount of sulfate recovered, less than 10 nmol), and had poor textural 465 
preservation.  We analyzed two additional brachiopod specimens from the same hand-sample to 466 
confirm that their CAS isotopic compositions fell within the same range as all other brachiopods 467 
specimens.  From the brachiopod suite, we estimate end-Ordovician and early Silurian seawater 468 
sulfate had a sulfur isotopic composition of 24.86±0.40‰ (2s.e., n=18, excluding the outlier).  469 
The stability of the brachiopods’ CAS isotopic composition (Figure 10) implies that seawater 470 
sulfate did not significantly vary across the Hirnantian glaciation or Ordovician/Silurian 471 




Figure 10: Sulfur isotopic compositions of CAS specimens arranged by stratigraphic height.  474 
Colored symbols are data from this study, and small black dots are bulk-rock data from Jones 475 
and Fike (2013).  The blue field demarcates the range of brachiopod CAS (excluding the small, 476 
recrystallized outlier discussed in the text), which does not vary through the succession.  Gray 477 
dashed lines connect specimens from the same hand-sample.  Bec. = Becscie Formation, Lfb. = 478 
Laframboise, Pt. = Point. 479 
 480 
5.3.  Patterns of CAS isotopic variability in other phases 481 
There is large δ34S variability in phases other than the well-preserved brachiopods.  CAS 482 
composition is different between the various components of our samples and is related to 483 
petrographic texture.  Micrite powders are extremely variable (10‰ to 25‰) and are consistently 484 
isotopically lighter than co-occurring brachiopods (Figure 9, Figure 10).  All other components 485 
are generally isotopically heavier than brachiopods, and have variable and visible amounts of 486 
recrystallization.  In aggregate, our texture-specific data can explain the variable composition of 487 
homogenized bulk-rock samples (red plusses in Figure 9) as a physical mixture of different 488 
sedimentary components.  489 
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Even within each of our analyzed hand-samples there is large heterogeneity in the CAS 490 
isotopic composition (Figure 10).  For example, we observed a range of as much as 21‰ within 491 
Sample 901-HCS (Figure 10).  In addition, all of the hand-samples are collected from the same 492 
distal carbonate ramp facies from the western sector of Anticosti Island, so the variability is not 493 
explained by spatial heterogeneity or temporal changes of seawater sulfate.  Our observed 494 
variability among all measured specimens is larger than the 13‰ range of bulk-rock CAS 495 
analyzed from the same stratigraphic sections by Jones and Fike (2013) (black dots in Figure 10).  496 
Those authors suggested that the bulk-rock CAS variability did not reflect rapid change in the 497 
isotopic composition of Ordovician/Silurian seawater sulfate, which they argued remained nearly 498 
constant (as confirmed by our brachiopod data) over the duration of the record (less than 1.5 Myr 499 
as allowed by biostratigraphic constraints). 500 
These observations are consistent with the hypothesis that CAS variability on Anticosti 501 
Island reflects post-depositional processes.  Micrite is commonly targeted for CAS studies and 502 
often interpreted to represent lime mud (e.g. Gill et al. 2011b; Wotte et al. 2012b).  We 503 
deliberately selected hand-samples with heterogeneous sedimentary components, but high 504 
variability is also observed among micrite subsamples within a hand-sample.  Micrite can be 505 
formed by multiple processes that are not easily distinguishable by rock texture (Flugel and 506 
Munnecke 2010).  It can be allochthonous (allomicrite) or authigenic (automicrite), precipitate 507 
from biological or inorganic processes, form in either seawater or evolved pore fluids, or be the 508 
result of physical erosion or biologic boring of larger allochems (Flugel and Munnecke 2010).  509 
Micrite must then lithify by addition of carbonate cements and/or recrystallization, processes that 510 
can closely associate carbonate components precipitated from different solutions (Lyons et al. 511 
2004; Rennie and Turchyn 2014).  Our micrite samples are fine-grained carbonate matrix 512 
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material with variable amounts of skeletal fragment allochems (Figure 4).  We observed up to 513 
15‰ variation between micrite powders milled only a few centimeters apart (yellow diamonds in 514 
Figure 10).  Like the bulk-rock data, the CAS variability of Anticosti Island micrites is likely a 515 
consequence of secondary processes. 516 
 517 
5.4.  Diagenetic insights from CAS variability 518 
 By accepting well-preserved brachiopod secondary-layer fibrous calcite CAS as a reliable 519 
proxy for seawater sulfate, we can explore the information content of CAS in the other 520 
components.  Our dataset has two populations around the brachiopods: micrite specimens that 521 
are 34S-depleted, and recrystallized specimens that are highly variable and generally 34S-enriched 522 
(Figure 9).  Processes likely to diagenetically alter sulfate isotopic composition from seawater 523 
are sulfide oxidation and MSR. 524 
Previous workers have examined the potential for non-seawater sulfate sources in CAS.  525 
Two important studies suggested that the isotopic composition of CAS can be resistant to 526 
diagenetic alteration.  Lyons et al. (2004) showed that the isotopic composition of bulk-sediment 527 
CAS remained unchanged in a carbonate mud sediment core with both carbonate precipitation 528 
and sulfate reduction.  Secondly, Gill et al. (2008) showed that CAS δ34S in a recent aragonitic 529 
head coral remains unchanged by aragonite neomorphism during meteoric diagenesis.  However, 530 
those authors noted that these settings lack the leverage to substantially alter CAS.  In the first 531 
case, diagenetically-precipitated carbonate represented a small portion of the total sediment mass 532 
relative to primary carbonate.  In the second case, meteoric fluids have very little sulfate.  533 
Contrastingly, other researchers have identified diagenetic alteration of CAS.  Rennie and 534 
Turchyn (2014) demonstrated that CAS in late Cenozoic nanofossil ooze bulk sediment may be 535 
29 
 
34S-enriched relative to seawater if carbonate cementation is slower than enrichment of pore fluid 536 
sulfate by MSR, but only by up to about 4‰ under those relative sedimentary fluxes.  On longer 537 
timescales, Marenco et al. (2008b) argued that dolomitization incorporates 34S-depleted sulfate—538 
by up to about 10‰— into CAS.  Loyd et al. (2012a) looked specifically at diagenetic carbonate 539 
concretions forming from pore fluids where sulfate reduction was prominent, and observed large 540 
enrichment (up to 15‰) relative to seawater.  However, these studies have not observed the 541 
range of values (24.7‰) measured in the limestones preserved on Anticosti Island, which 542 
includes both large 34S-enrichments and depletions relative to the inferred isotopic composition 543 
of seawater. 544 
 Micrite powders from Anticosti Island lie on an array of increasing CAS concentration 545 
and decreasing isotopic composition (yellow ellipse in Figure 9).  Such a trend is predicted by 546 
oxidation of pyrite during CAS extraction (Marenco et al. 2008a; Mazumdar et al. 2008), but as 547 
discussed above from experimental results, we think this type of contamination was negligible in 548 
our procedure.  Instead, natural sulfide oxidation sometime in the rocks’ histories, followed by 549 
precipitation of more carbonate to incorporate the CAS, may explain the diagenetic array.  This 550 
could have occurred before lithification, and pore fluid aqueous sulfide oxidation could have 551 
been microbially mediated.  Later stabilization, cementation and lithification of the micrite could 552 
have incorporated variable amounts of this recycled sulfur.   553 
Alternatively, fluids carrying 34S-depleted sulfate could have migrated from a separate 554 
locus of pyrite oxidation to the lithifying or recrystallizing micrites, and effected other 555 
geochemical changes (e.g. dolomitizing fluids in Marenco et al. 2008b).  Of all of the micrite 556 
samples we analyzed, the lightest CAS sulfur isotopic composition came from Sample 901-HCS, 557 
which is the only dolomite-containing wackestone in our sample suite (Figure 10).  Previously-558 
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collected clumped isotope data from Anticosti Island provide further evidence that micrite 559 
diagenesis proceeded in an open system with respect to fluid-rock interactions (Finnegan et al. 560 
2011). 561 
A third option is that sulfide oxidation could have occurred during modern surficial 562 
weathering or sea level lows younger than the rock, when corrosive meteoric fluids could 563 
mobilize sulfur derived from pyrite.  Weathering of pyrite would produce insoluble iron oxides 564 
(such as goethite or hematite) and aqueous sulfate, and the latter could be incorporated into 565 
recrystallizing carbonate minerals.  Some micrite samples showed petrographic evidence for iron 566 
oxides.  Also, rock magnetic data shows evidence for a low-temperature (<100°C) thermally-567 
decomposed component oriented parallel to the modern magnetic field (Seguin and Petryk 568 
1986).  Seguin and Petryk (1986) report demagnetizing about 200 mA/m of this component, 569 
which is probably goethite.  Assuming it is all goethite (density of ~4.3 g/cm3 and saturation 570 
magnetism of ~2 emu/cm3), then the rocks (~2.7 g/cm3) have about 200ppmv goethite.  For our 571 
10 mg rock specimens, this corresponds to about 35 nmol of iron.  If all of the iron is from 572 
weathered pyrite in a closed system, then potentially 70 nmol of weathered and oxidized sulfide 573 
could have contaminated the CAS.  Most micrite specimens were about 70% carbonate, 574 
corresponding to potentially ~1000 ppm “weathered” sulfate contamination.  Thus, micrites from 575 
hand-sample 901-HCS, for example, could include up to about 65% weathered sulfide 576 
incorporated as CAS.  However, meteoric dissolution of pyrite would also be corrosive to 577 
carbonate, and not conducive to incorporation into micrite CAS.  Thus, we hypothesize that 578 
Anticosti Island micrite CAS records active microbial sulfide oxidization in the Ordovician-579 
Silurian-age shelf sediments. 580 
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 The CAS composition of calcite spar and recrystallized coral, trilobite, crinoid, and 581 
bryozoan fossils varies widely (field enclosed by dashed line in Figure 9).  Most are 34S-enriched 582 
with respect to the brachiopods, and likely incorporated 34S-enriched sulfate that was the residual 583 
of MSR.  The most recrystallized fossil was a tabulate coral (Sample 902-0.8, Supplemental 584 
Figure 1), which also had the heaviest CAS composition (33 to 34‰).  These recrystallized 585 
fossils were likely precipitated as high-magnesium calcite and susceptible to stabilization to 586 
LMC (Wilkinson 1979).  Specimens from Anticosti Island recrystallized late in the burial 587 
diagenesis process at clumped-isotope temperatures over 50°C, coinciding with enrichments of 588 
iron and manganese and depletion of strontium indicative of meteoric groundwater (Finnegan et 589 
al. 2011).  Explaining the 34S-enriched CAS in recrystallized phases requires an aquifer where 590 
water is significantly 34S-enriched by MSR and sulfate-rich enough for this modified 591 
groundwater sulfate to be incorporated into CAS.  Dogramaci et al. (2001) describe a potential 592 
modern analog in the western Murray Basin, Australia where sulfate in a deep, confined aquifer 593 
has an isotopic composition between 20‰ and 60‰ and is from a mixture of marine and 594 
freshwater.  The highly heterogeneous CAS in recrystallized specimens from Anticosti Island 595 
may record calcite stabilization in a similar heterogeneous and sulfate-bearing aquifer. 596 
 597 
6. Conclusions 598 
 With a new MC-ICP-MS analytical technique for sulfate, we demonstrated that the CAS 599 
of common petrographic textures can be highly heterogeneous on small spatial scales in well-600 
preserved marine limestones from late Ordovician and early Silurian-age strata on Anticosti 601 
Island.  This heterogeneity does not reflect spatial or temporal variability in aqueous marine 602 
sulfate.  Instead, it records part of the diagenetic history of the samples.  Because our analytical 603 
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technique can be applied to small samples, it allows for the careful selection of samples well-604 
suited as archives of seawater sulfate.  Well-preserved brachiopod fibrous calcite could be 605 
successfully isolated from other CAS-bearing phases and pyrite, and provides a reliable archive. 606 
Our Anticosti Island brachiopod data provide a record of marine sulfate maintaining a 607 
δ34S composition of 24.86±0.40‰ (2s.e.) through the Ordovician-Silurian boundary interval.  608 
This confirms that despite substantial changes in biogeochemical cycling and climate through the 609 
Hirnantian, no excursion occurred in the isotopic composition of seawater sulfate, consistent 610 
with the conclusions of Jones and Fike (2013).  Given the constancy of marine sulfate’s isotopic 611 
composition, CAS sulfur isotopes from micrite and other components demonstrate the 612 
importance of secondary processes and vary by nearly the total range of secular variation 613 
observed over the Phanerozoic Eon.  On Anticosti Island, the CAS in micrite is 34S-depleted 614 
relative to contemporaneous seawater, and may be explained by sulfide oxidation in pore fluids 615 
during early diagenesis, or incorporation of 34S-depleted sulfate-rich dolomitizing fluids.  The 616 
CAS in components recrystallized during burial diagenesis is characterized by δ34S values higher 617 
than contemporaneous seawater, and requires active sulfate reduction in Anticosti Island 618 
groundwater. 619 
More generally, our data suggest that scatter in Phanerozoic bulk-rock CAS records (e.g. 620 
those shown in Figure 1) does not unambiguously record primary seawater sulfate chemistry, and 621 
could reflect later incorporation of sulfate modified by early diagenetic and recrystallization 622 
processes.  Analyzing well-preserved specimens allows for a more precise and accurate record of 623 
seawater sulfate than numerically smoothing noisy datasets— there is no guarantee that variation 624 
in a dataset is symmetrical about the value of seawater during the time of deposition.  In 625 
addition, once primary changes in seawater sulfate composition are better constrained, the 626 
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remaining variation in CAS records can provide additional information about secondary local 627 
biogeochemical processes during lithification and burial.  Large δ34S variability in coexisting 628 
carbonate components— including in calcimudstone and wackestone samples commonly called 629 
micrite and analyzed in CAS records of all ages— may be indicative of unique diagenetic 630 
regimes.  Fluxes associated with pore fluid sulfide oxidation and groundwater sulfate reduction 631 
are poorly constrained in modern sediments and aquifers, but may be important biogeochemical 632 
processes in Earth’s history.  Overall, new approaches analyzing CAS in smaller, carefully 633 
characterized samples will improve the accuracy and precision of the marine sulfate record. 634 
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Supplemental Figures 647 
 648 
Supplemental Figure 1: Analyzed specimens from the six remaining hand-samples not shown in 649 




Supplemental Figure 2:  Binocular microscope (left) and electron microscope backscatter 652 
intensity (right) images of more representative flakes picked from brachiopod specimens to 653 
illustrate how flakes were included or excluded in CAS analyses. (A) Sample 904-4.5m, 654 
Brachiopod 1 still shows fibrous calcite lineation and is optically transparent; flakes like this 655 
would have been dissolved for analysis.  (B) A poorly-preserved flake from Sample 904-4.5m, 656 
Brachiopod 2 has lost its fibrous calcite texture and incorporated contaminants that caused 657 
yellowing during recrystallization.  Flakes like this would normally be removed from specimens 658 
before dissolution.  However, this specimen was prohibitively small and included recrystallized 659 
flakes.  (C) A flake from Sample 904-4.5m, Brachiopod 3 with both well-preserved and 660 
recrystallized fibrous calcite.  A flake like this would have been further broken with the point of 661 
a dental pick so that only the optically transparent portions would be kept for analysis.  (D) A 662 
flake from Sample 904-4.5m, Brachiopod 4 still maintains the fibrous calcite lineations and is 663 
generally transparent, but has some discoloration associated with recrystallization.  Flakes like 664 
this were kept and analyzed in this specimen. (E) A well-preserved flake from Sample 904-4m, 665 
Brachiopod 3.  (F) A well-preserved flake from Sample 904-4m, Brachiopod 4. 666 




Supplemental Figure 3: Carbonate (A) carbon and (B) oxygen isotopic compositions of 669 
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